A rapid and easy method to discriminate plant cultivars is indispensable to confirm food labeling. We established a fluorogenic ribonuclease protection (FRIP) assay to discriminate Japanese rice (Oryza sativa L.) cultivars based on single nucleotide polymorphisms (SNPs). The FRIP assay uses a hybridization technique between fluorescent probes and the target sequence prepared by run-off transcription, but the requirement of two PCR thermocycles is the problem when preparing template DNA for run-off transcription from rice genomic DNA. In this study, we designed new PCR primers with asymmetric melting temperatures. These primers amplified the target SNP marker containing a T7 RNA polymerase promoter sequence upstream of the target sequence in a single PCR. Moreover, 100 cultivars were discriminated with the patterns of 15 SNPs. The assay can be used as a rapid method of analysis to discriminate Japanese rice cultivars.
A rapid and easy method to discriminate plant cultivars is indispensable to confirm food labeling. We established a fluorogenic ribonuclease protection (FRIP) assay to discriminate Japanese rice (Oryza sativa L.) cultivars based on single nucleotide polymorphisms (SNPs). The FRIP assay uses a hybridization technique between fluorescent probes and the target sequence prepared by run-off transcription, but the requirement of two PCR thermocycles is the problem when preparing template DNA for run-off transcription from rice genomic DNA. In this study, we designed new PCR primers with asymmetric melting temperatures. These primers amplified the target SNP marker containing a T7 RNA polymerase promoter sequence upstream of the target sequence in a single PCR. Moreover, 100 cultivars were discriminated with the patterns of 15 SNPs. The assay can be used as a rapid method of analysis to discriminate Japanese rice cultivars.
Key words: cultivar discrimination; single nucleotide polymorphism (SNP); Japanese rice; fluorogenic ribonuclease protection (FRIP) assay Rice (Oryza sativa L.) is one of the world's major agricultural crop species. It is a diploid plant with a relatively small genome size of 430 Mb, 1, 2) and was the first crop the genome of which was entirely sequenced. 3, 4) Many rice genetic markers have been generated and established in libraries for use in plant breeding and cultivar discrimination. These markers include random amplified polymorphic DNAs (RAPDs), [5] [6] [7] [8] [9] simple sequence repeats (SSRs), [10] [11] [12] amplified fragment length polymorphisms (AFLP), 13) and single nucleotide polymorphisms (SNPs). 14) Improvements in sequencing technology, combined with the availability of expressed sequence tags (ESTs) has led to a rapid increase in public databases for SNPs, insertions, and deletions (indels).
SNPs are the most abundant molecular markers, appearing at a rate of one per 100-1,000 base pairs (bp) in genomic DNA. 15, 16) Shirasawa et al. examined 1,036 genes between rice cultivars, and found 638 SNPs and indels among the 137 genes. 17) Since the stability and fidelity of SNPs are considered to be higher than other markers, SNPs can be used in molecular marker-assisted selection (MAS), cultivar discrimination, and evaluation of diversity. [18] [19] [20] Several studies have reported discrimination of rice cultivars using genetic markers, as in real time PCR, 21) single strand conformation polymorphism (SSCP) assay, 22) and the AcycloPrime method. 23) However, most techniques are highly sensitive to operating conditions, resulting in requirement of high-level techniques or expensive equipment.
We used fluorogenic ribonuclease protection (FRIP) assay for SNP typing and the discrimination of rice cultivars. In the FRIP assay, a target RNA sequence containing a SNP marker is obtained by run-off transcription (Fig. 1) . Following hybridization of transcribed RNA to fluorescence/quencher-labeled probes, the mismatched RNA is cleaved by ribonuclease A. 24 ) Detection of the SNP is possible by visual observation using handheld ultraviolet (UV) light. 25) Compared with other discrimination methods, the FRIP assay is simple and can be performed in a short time (2.5-3.5 h), but when analyzing rice genomic DNA, two PCR thermocycles are necessary to obtain template DNA for run-off transcription. This prolongs the analysis time. In the present study, we recruited newly designed PCR primers, and amplified template DNA for run-off transcription in a single PCR. Target RNAs were prepared, and 15 SNPs from 107 rice cultivars were analyzed by FRIP assay. Finally, discrimination of 100 rice cultivars was possible using the SNP-patterns of 15 SNP markers.
Materials and Methods
Chemicals. Tris(hydroxymethyl)aminomethane, magnesium chloride hexahydrate, potassium chloride, bovine serum albumin (BSA), and ethylenediaminetetraacetic acid (EDTA) were purchased from Wako Pure Chemical Industries (Osaka, Japan). 1,4-Dithiothreitol (DTT) and dNTPs were from Roche Diagnostics (Tokyo).
Plant materials and DNA isolation. Japanese rice cultivars, (n ¼ 107) (Supplemental Table 1 ; see Biosci. Biotechnol. Biochem.
y To whom correspondence should be addressed. Fax +81-92-802-2810; E-mail: m-goto@mail.cstm.kyushu-u.ac.jp Abbreviations: SNP, single nucleotide polymorphism; FRET, fluorescence resonance energy transfer; FRIP, fluorogenic ribonuclease protection Web site) were used as plant samples. Rice seeds of all the cultivars used were from the institutes at which the rice breeders originally developed their own cultivars. They were grown in a greenhouse at the Fukuoka Agricultural Research Center, and young leaf tissues of all the cultivars were collected 14 d after the seeds were sowed. The leaf tissues were dried using freeze dryer FDU-1200 (Tokyo Rikakikai, Tokyo) and stored in a freezer until DNA extraction. Total DNA was extracted using 1 Â TE buffer (10 mM Tris-HCl pH 8.0 and 1 mM EDTA). The extracted DNA was purified with a mixture of phenol/ chloroform/isoamyl alcohol (25:24:1, v/v). The DNA was precipitated with isopropanol and washed with 70% ethanol.
26) The dried DNA pellet was dissolved in 0.1 Â TE buffer (pH 8.0). The 260 nm/280 nm absorbance ratio of the DNA extracts were confirmed to be within 1.8-2.0. The DNA concentration was determined by the absorbance at 260 nm, and was diluted to 1.0 ng ml À1 .
PCR primers and oligonucleotide probes. A total of 15 SNP markers that had the potential to discriminate rice cultivars was selected following a previous report. 27 ) PCR primers (Table 1 and  Supplemental Table 2 ; see Biosci. Biotechnol. Biochem. Web site) were designed using Primer3 software to amplify fragments of approximately 100 bp, including SNP bases (http://frodo.wi.mit.edu/ primer3/). Melting temperature (T m ) values of annealing regions in the primers in a 20 mM Tris-HCl buffer were calculated by the GC% method. 28, 29) All forward primers (L-For and S-For primers) contained the T7 RNA polymerase promoter sequence at the 5 0 end. First or second base in the 5 0 -FAM probe was designed to hybridize to the SNP base. The primers, 5 0 -FAM probes, and 3 0 -BHQ1 probes (Table 2 ) were custom-synthesized by Genenet (Fukuoka). C. DNA fragments were purified by ethanol precipitation for quantitation and electrophoresis analysis. One ml of sodium acetate and 25 ml of ethanol were added to the PCR mixture, which was centrifuged at 15;000 Â g for 15 min. The precipitate was washed with 70% ethanol, air dried, and dissolved in 10 ml of 1 Â TE buffer. PCR products were detected by 1.5% agarose gel electrophoresis.
Run-off transcription. The T7 RiboMAXÔ Express Large Scale RNA Production System (Promega, Madison, WI) was used to obtain single-stranded RNA containing a target sequence. Crude PCR product (1 ml) was added to 10 ml of transcription mixture containing 1 Â RiboMAX Express buffer and 1 ml of T7 Express Enzyme Mix (T7 RNA polymerase and inorganic pyrophosphatase). This mixture was incubated at 37 C for 30 min, and the enzymes were inactivated by heating at 95 C for 5 min. For quantitation and electrophoresis analysis, RNAs were purified using Microspin S-200 HR spin columns (GE Healthcare, Little Chalfont, UK) according to the manufacturer's instructions. The transcription products were checked by denaturing gel electrophoresis (1.5% agarose gel in 2.2 M formaldehyde and 1 Â MOPS running buffer).
30)
Hybridization and ribonuclease A digestion. A solution of 2 Â NTE hybridization buffer (100 mM NaCl, 20 mM Tris-HCl pH 8.0, 2 mM EDTA, 4 mM FAM-probe, and 20 mM BHQ1-probe) was prepared. Ribonuclease A (Nippon Gene, Tokyo) was diluted to 0.1 mg ml À1 in 1 Â TE buffer. Crude RNA transcript (5 ml) and 2 Â NTE hybridization buffer (5 ml) were mixed in a 0.2-ml tube. The solution was heated at 85 C for 5 min and incubated at 5 C for at least 5 min, then incubated with ribonuclease A at 5 C for 5 min to cleave the mismatched RNA bases. After ribonuclease A treatment, the 0.2-ml tube was placed on a UV transilluminator and fluorescence was excited at 312 nm.
Sequencing of SNP markers. The DNA sequences of 15 SNP markers from 107 cultivars were also confirmed by direct sequencing of PCR products using a CEQ 8000 sequencer (Beckman Coulter, Fullerton, CA).
Results and Discussion
Optimization of PCR primers and conditions PCR amplification of the SNP marker from genomic DNA is a key step in accurate discrimination of SNPs by FRIP assay. In a previous report, SNP markers (approximately 600 bp) were sufficiently amplified from rice genomic DNA using 20-mer primers without promoter sequences. 27) Moreover, successful amplification of transcription template DNA occurred from the mitochondrial DNA of tunas, using PCR primers that consisted of the promoter sequence and annealing region of 20-mer. 25) However, when 20-mer PCR primers for rice genomic DNA that contained the T7 RNA polymerase promoter sequence at the 5 0 ends were used (S-For primer in Supplemental Table 2 ; see Biosci. Biotechnol. Biochem. Web site), the SNP markers were not amplified. Agarose gel electrophoresis revealed the presence of several large PCR fragments near the wells, indicating that one of the PCR primers did not anneal efficiently (Fig. 2a, lanes 1, 5, and 7) . DNA fragments were not amplified regardless of changes in the annealing temperature, the concentration of the extracted DNA, enzymes, or additional dimethyl sulfoxide (DMSO) and MgCl 2 .
We assumed that there were two reasons for this failure: the difference in template DNA sizes, and electrostatic repulsion between the extra sequence in the primer (the T7 RNA polymerase promoter sequence) and the template DNA. The total size of rice nuclear DNA is 10 4 times larger than tuna mitochondrial DNA (about 16.5 kb). 31) In addition, approximately 100 mitochondria are in a cell and a single nucleus. Amplification efficiency using the 5 0 -tagged-primer is strongly affected by the size and copy number of template DNA sequence.
It was also reported that electrostatic repulsions of phosphate groups in the DNA backbones cause a decrease in the annealing efficiency of primers. 32) Moreover, a stronger effect of electrostatic repulsions was observed when small copy numbers of the targets (less than 10 copies) were subjected to PCR, and when the GC contents of the primers were small (less than 30%). To overcome these effects, DNA oligonucleotides bearing polyamines (Zipper nucleic acid or ZNA), or having peptide backbones (peptide nucleic acid or PNA) have been developed and introduced to the PCR. 32, 33) In our experiments, approximately four copies of target sequences were added to the PCR reaction mixtures, and the extra sequences introduced to the 5 0 end of primers increased electrostatic repulsion between DNA strands.
Hence we raised the number of DNA bases in the annealing region in the forward primers by 10-mer (L-For primers in Table 1 ) to increase the affinity of the forward primer to the target sequence of the genomic DNA. As a result, PCR amplicons of the SNP markers were obtained (Fig. 2b) . The sizes corresponded to the expected lengths of the markers. A typical DNA yield Table 2 . DNA Sequences of Fluorescent Probes Used in the Detection of SNPs
GCAAGTTTGAGCTCTCTGGA ACGTGACAACAACCTGCTGG
Underlined bases hybridized to the SNPs. was 120 ng per 10 ml of PCR mixture. This modification enabled us to eliminate the first PCR step and shorten the total time of assay.
Run-off transcription
The sizes of the main products of the run-off transcription corresponded to the sizes of the template DNAs (Fig. 3) . Electrophoresis analysis of the S3010 RNA showed a relatively clear band at 260 bp in addition to the band at 130 bp (Fig. 3, lane 3) . The band at 260 bp was assumed to contain a reverse sequence, 34) however, since both bands should contain the target SNP base, we used the S3010 RNA for the FRIP assay. After purification with gel spin columns, approximately 4.8-5.3 mg of RNA per 10 ml of RNA transcription reaction mixture was obtained. The total yield of RNA did not depend on the sizes of template DNAs, indicating that the transcription reaction time was sufficient.
FRIP discrimination of SNPs
Hybridization between the RNA and the probes was observed as a quenching of the fluorescence signal, caused by fluorescence resonance energy transfer (FRET) between the fluorescence-dye and the quencherdye. Strong fluorescence was observed in solutions containing mismatched duplexes after incubation with ribonuclease A, whereas the fluorescence signals in the solutions containing full-matched duplexes were quenched. . Target fragments were amplified using long forward primers with tag-sequences. Lanes: M, 100-bp DNA ladder; 1, C12409; 2, S13818; 3, S3010; 4, E20920; 5, E3876; 6, C12560; 7, C52909; 8, S10844; 9, E2439; 10, E51255; 11, S15651; 12, S0651; 13, E61502; 14, E1919; and 15, R2702 DNAs. PCR products in Fig. 2b were used as templates. The sizes of the RNAs corresponded to the sizes of the DNA templates. Lanes: M, 0.1-2 kb RNA ladder; 1, C12409; 2, S13818; 3, S3010; 4, E20920; 5, E3876; 6, C12560; 7, C52909; 8, S10844; 9, E2439; 10, E51255; 11, S15651; 12, S0651; 13, E61502; 14, E1919; and 15, R2702 RNAs. We also tried a TPS buffer (0.1 M Tris-HCl pH 9.5, 1 M KCl, and 0.1 M EDTA) for the extraction of total DNA from rice seeds.
35) The SNP types were distinguised within 2.5 h. Since all the SNP markers were amplified and transcribed under the same thermal conditions, automation of analysis should be possible.
There are several other methods of discriminating rice cultivars, including agarose gel electrophoresis analysis and hybridization with fluorescent probes, including TaqMan probes. [17] [18] [19] Above all, electrophoresis analysis can be operated at low cost, but substantial training is necessary to obtain reproducibility, and a limited number of samples can be analyzed in a single gel. Moreover, PCR amplification of SSR markers (up to about 1 kb) also takes a relatively long time. Other hybridization-based methods, such as the AcycloPrime method, TaqMan technology, and real-time PCR often require optimization of the PCR conditions in response to equipment and primers.
The FRIP assay is simple and does not require expensive equipment. The assay can be performed in a short time: 2.5 h. The assay can be used in inspection laboratories, food factories, and markets, as a method to discriminate between rice cultivars and to confirm food labels.
